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INVESTIGATION OF HIGH SPEED IMPACT PHEXOMENA 

I .  INTRODUCTION 
~~ ~ ~ 

T h i s  r e p o r t  summarizes t h e  program of research conducted 
under NASA Cont rac t  No. NASw-561 fo r  t h e  per iod  f r o m  31 Cctober 
1962 to  30 November 1963. Under t h e  terms of t h i s  c o n t r a c t ,  
experimental  i n v e s t i g a t i o n s  of s e v e r a l  a s p e c t s  of high-speed 
impact phenomena w e r e  conducted us ing  t h e  TRPF Space Technology 
Laboratories' 2-million-volt electrostatic hyperveloci  t y  proj ec- 
t o r  as a source  of high-speed p a r t i c l e s .  I n  gereral, t h e  exper i -  
ments which have been conducted are r e l a t e d  t o  the  f i e l d  of 
meteoritics i n  one f o r m  or another.  

Two earlier c o n t r a c t s  (NAS5-763 and NASw-269) enabled u s  t o  
develop techniques  and t o  spec i fy  problem areas where the elec- 
t rostat ic  accelerator could  be used t o  best advantage. During t h e  

per iod  covered by t h i s  report, experiments  which are d i r e c t l y  
a p p l i c a b l e  t o  s p e c i f i c  problems of micrometeoroid s imula t ion  were 
conducted. An example of t h i s  t y p e  of experiment is t h e  i n t e r -  
a c t i o n  of high-speed p a r t i c l e s  w i t h  gaseous tal-gets. These 

experiments provide d a t a  which w i l l  be u s e f u l  i n  a s s e s s i n g  t h e  

p r o p e r t i e s  of photographic meteors. 

a 

Another m a j o r  area of i n t e r e s t  i s  t h e  cont inued i n v e s t i g a t i o n  
of p r o p e r t i e s  of high-speed impact which are a p p l i c a b l e  t o  
micrometeoroid d e t e c t o r  systems. As i n  t h e  p a s t ,  t h i s  type  of 
experiment has been more concerned w i t h  t h e  b a s i c  p r o p e r t i e s  of 
t h e  impact process  as opposed t o  t h e  development of ins t ruments  o r  
systems. However, sensor  s y s t e m s  u t i l i z i n g  some of t h e  e f f e c t s  
i n v e s t i g a t e d  under t h e  earlier c o n t r a c t s  have been developed by 
NASA personnel  and j o i n t  tests of them have been accomplished 
us ing  t h e  STL fac i l i t i es .  
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The work accomplished i n  each of these areas w i l l  be s u m m a -  
r i z e d  i n  t h e  fol1ov:ing sec t ions .  Reference should be made t o  tlie 

Q u a r t e r l y  Progress  Reports  and Technical  Aeports which have been 
submit ted fo r  more d e t a i l e d  informat ion  regard ing  some of t h e  work 
which has  been done. 

I I .  EXPBRIMENTAL TECHNIQUES 

Many of t h e  procedures followed i n  conduct ing t h i s  program 02 

research w e r e  common t o  a l l  of t h e  experiments  and have been des- 
c r i b e d  i n  s o m e  d e t a i l  i n  other r e p o r t s .  's2 I n  m o s t  02 tlie expe r i -  
ments the  p r o j e c t i l e s  were iron sphe res  ranging i x i  s ize from about 
0.2 t o  1 .5  microns r ad ius .  The smaller p a r t i c l e s  achieved 
v e l o c i t i e s  i n  excess of 10 km/sec, while  t h e  v e l o c i t i e s  of t h e  

larger ones  were 2 k d s e c ,  01' less. 
about 1.5 microns i n  diameter and achieved a v e l o c i t y  of about 
5 km/sec. S o m e  experiments  made u s e  of carbon black (g raph i t e )  
p a r t i c l e s  which, because of t h e i r  reduced d e n s i t y ,  achieved 
somewhat h i g h e r  v e l o c i t i e s .  The carbon p a r t i c l e s  averaged about 
0 . 6  micron i n  diameter  and  achieved v e l o c i t i e s  i n  t h e  6 t o  16 
km/sec range. 

The average irori particle vias 

The v e l o c i t y  and m a s s  of t h e  p a r t i c l e s  w e r e  measured by 
detectors of t h e  type  descr ibed  i n  R e f s .  1 and 2. The charge on 
the acce le ra t ed  p a r t i c l e  is determined by measuring t h e  ainplitucle 
of t h e  voltage s i g n a l  induced on a c y l i n d r i c a l  d r i f t  tube  of 
known capac i t ance  t o  ground as t h e  p a r t i c l e  pas ses  along its axis. 
The d u r a t i o n  of t h e  s i g n a l  is simply t h e  t i m e  r equ i r ed  by t h e  

p a r t i c l e  t o  t r a v e r s e  t h e  e lectr ical  l eng th  of t h e  tube.  The 
v e l o c i t y  of t h e  p a r t i c l e  is determined i n  t h i s  mancer. The mass 
O P  t h e  p a r t i c l e  is computed from t h e  conserva t ion  02 enei-gy 
equation: m = 2qV/v2, where v i s  t h e  v e l o c i t y ,  q the charge, and 
V t h e  t o t a l  a c c e l e r a t i n g  vol tage .  
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a The geometry of t h e  charged p a r t i c l e  d e t e c t o r s  vas  va r i ed  t~ 
f i t  t h e  requirements  of s p e c i f i c  experiments.  A number of detectcr 
conf igu ra t ions  were used, b u t  t h e  p r i n c i p l e  of opera t ion  was tilt 

same i n  a l l  cases. 

For m o s t  of t h e  measurements, t h e  d e t e c t o r  s i g n a l  cas a m p l i -  

f i e d  and d isp layed  on one beam of a Tekt ronix  551 dual-beam 
osc i l loscope .  In t h e  cases where the  information from the e:+eri- 
ment i n  ques t ion  was i n  the form of an electrical s i g n a l ,  t h e  
informat ion  was disp layed  on the  other beam. Usual ly ,  both bezms 
w e r e  triggered by t h e  de t ec to r  s i g n a l  so t h a t  time-of-flight 
techniques  could be employed t o  establish an exact c o r r e l a t i o n  
between t h e  particles and the observed impact effects. Photographs 
of t h e  osc i l l o scope  traces provided permanent r eco rds  02 t h e  

even t s  . 
A new method of data reduct ion  f r o m  t h e  photograplis has bem 

developed r e c e n t l y  which reduces  data reduct ion  t i m e  and irzcreases 
t h e  accuracy of t h e  readings. A computer program was t r r i t t e n  fo r  
t h e  IBM-7090 computer. Provis ion  w a s  made t o  a d j u s t  v a l u e s  f o r  
a l l  of t he  parameters  required f o r  t he  s o l u t i o n  of the conserva t ion  
of energy equat ion .  I n  p rac t i ce ,  t h e  length  and hei$t of t h e  

d e t e c t o r  s i g n a l  are read by means of a Tele-reader to t!iree-Ii@xre 
accuracy and t h i s  information is automat ica l ly  puncfic:. 6-to X h e  

computer cards. A t k i r d  experimental  quan t i ty ,  f o r  e x a i > l c ,  the 
impact l i g h t  f l a s h  amplitude, may be punched on t h e  cazds i n  a 
s i m i l a r  mmner. These cards, a long  w i t h  the program cards vhich 

spec i fy  t h e  f i x e d  parameters,  are then fed t o  t h e  compxter.  The  

pr in t -out  i n c l u d e s  an i d e n t i f i c a t i o n  number, t h e  va lucs  OC a l l  of 

the  inpu t  parameters,  and the  computed v a l u e s  of p a r t t c i e  mass, 
r ad ius ,  v e l o c i t y ,  charge, momentum, and k i n e t i c  energy. T h i s  

technique reduces  data reduct ion  t i m e  by an order 02 a a g ~ i t u d e ,  
and i t  w i l l  be used ex tens ive ly  i n  f u t u r e  experiments .  
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a Another r ecen t  innovation has been t h e  development of a much 
more s e n s i t i v e  charged p a r t i c l e  detector preampl i f ie r .  This 

coulombs or  less which means t h a t  much smaller p a r t i c l e s  can be 

detected. 
t h e  e f f e c t i v e  v e l o c i t y  range of p a r t i c l e s  from t h e  Van de G r a a f f  
has been increased.  Many i ron  particles w i t h  v e l o c i t i e s  i n  excess  
of 20 km/sec have been observed with t h i s  detector. 

detector preampl i f ie r  is capable of d e t e c t i n g  charges  of 10 -16 

Since t h e  smaller p a r t i c l e s  achieve higher v e l o c i t i e s ,  

Since t h e  charged p a r t i c l e  is detected by t h e  vo l t age  induced 
on t h e  capac i tance  of a detector element as t h e  p a r t i c l e  pas ses  
through it, smaller charges  may be detected by decreasing t h e  

capaci-tance. The e f f e c t i v e  capac i tance  h a s  been decreased by a 
"boot s t rapping" technique. 

Two forms of a cathode follower detector inpu t  s t a g e  are 
i l l u s t r a t e d  i n  Fig.  1. Figure 1-a is a convent ional  cathode 
fo l lower ,  where CD is t h e  capaci tance of t h e  detector t o  ground. 
For a p a r t i c l e  of charge q, t h e  s i g n a l  induced at t h e  gr id  is 
Vg = q/CD. 
vo l t age  is GV 

a 
If t h e  g a i n  of t he  cathode follower is G t h e  output  

g' 
F igure  1-b i s  a bootstrapped cathode follower. The d e t e c t o r  

is surrounded by a c y l i n d r i c a l  sh i e ld  which is t i e d  t o  t h e  cathode 
of t h e  tube.  
s h i e l d  w h i l e  C s  is  t h e  capaci tance of t h e  sh i e ld  t o  ground. 
before, a p a r t i c l e  pass ing  through t h e  detector induces a vo l t age  
ac ross  CD given by V = q/CD. 
the v o l t a g e s  on CD and Cs, but t h e  v o l t a g e  on Cs is  t h e  output  
vo l t age  GV 
V 

reduced by t h e  factor (1 - G). A t y p i c a l  cathode follower has a 
gain  of about 0.9 so t h e  e f f e c t i v e  g a i n  is about a factor  of 10 

greater. 

CD is t h e  capaci tance between t h e  detector and t h e  
As 

The g r i d  v o l t a g e  V is  t h e  sum of 
g 

Thus t h e  gr id  vo l t age  i s  V = q/CD + GVg or  
g' g 

= q / ( l  - G)CD and t h e  detector capac i tance  h a s  been e f f e c t i v e l y  
g 
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Figure 1. Schematic diagram of charged p a r t i c l e  d e t e c t o r s  
w i t h  conventional and "bootstragped" cathode 
follower inputs. 
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The opera t ion  of the  acce le ra to r  has not  been altered t o  any 
s i g n i f i c a n t  ex ten t .  The charged-particle i n j e c t o r  is c o n t r o l l e d  
and ac tua ted  f r o m  t h e  Van de Graaff c o n t r o l  console  by t h e  opera tor .  
The frequency of i n j e c t i o n  and the number of p a r t i c l e s  i n j e c t e d  a t  
any one t i m e  is at  the  d i s c r e t i o n  of t h e  opera tor .  For m o s t  of our  
work, we  are concerned w i t h  t h e  effects of s i n g l e  particle impact 
and, consequently,  on ly  a few particles (and f r equen t ly  one or 
none) w e r e  i n j e c t e d  at  a t i m e ,  

111. EXPERIldgNTAL RESULTS 

A s  mentioned above, t h e  program of research has  encompassed a 
v a r i e t y  of experiments.  Each of these w i l l  be discussed i n  t h e  

fol lowing paragraphs. 

A. Impact Ion iza t ion  Effec t  

From our  earlier work, w e  have concluded t h a t  some of t h e  
a t o m s  near  t h e  impact s i te  of a high-speed particle are ionized  by 
t h e  large energy release associated w i t h  t he  impact. The emi t ted  
charge (either p o s i t i v e  o r  negative) can be collected by means of 
electrically biased collectors and t h e  r e s u l t i n g  s i g n a l  may be 

used i n  v a r i o u s  t y p e s  of meteoroid detectors. The q u a n t i t y  of 
charge emi t ted  depends upon particle v e l o c i t y  and mass, and upon 
characteristics of t h e  materials i n  quest ion.  

0 

The geometrical conf igura t ion  of the  detector and collector 

sys tem used i n  examining charge emission from th i ck  targets is 
i l l u s t r a t e d  i n  F ig ,  2. Particles from t h e  accelerator pass along 
t h e  a x i s  of a velocity-charge detector, pass through a g r i d  s t r u c -  
t u r e ,  and impact upon t h e  surface of t h e  target sample at  normal 
incidence.  For a l l  of t h e  measurements d i scussed  here, t h e  target 
w a s  biased 300 v o l t s  negat ive w i t h  respect t o  t h e  grounded gr id .  

With t h i s  bias, nega t ive  charge produced at  t h e  target surface is 
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Figure 2.  Experimental arrangement for t h e  measurement of 
impact ion iza t ion  from th ick  target impacts. 
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r e p e l l e d  from t h e  collector while p o s i t i v e  charge is r e t a i n e d .  
The quan t i ty  of charge re t a ined  by t h e  target is determined from 
t h e  r e l a t i o n s h i p  Qc = CV, where  C is  t h e  electrical capac i tance  of 
t h e  collector and V is t h e  amplitude of t h e  induced vo l t age  s i g n a l .  
The RC t i m e  cons tan t  of the  collector system w a s  made long compared 
t o  t h e  s i g n a l  du ra t ion  so t h a t  t h e  s i g n a l  is propor t iona l  t o  Liarge 
as opposed t o  c u r r e n t  f l o w .  l e  have previous ly  determined t h a t  the 
q u a n t i t y  of collected charge w a s  nea r ly  independent of the p o l a r i t y  
and magnitude of t h e  bias vol tage  fo r  biases exceeding a f e w  t e n s  
of v o l t s .  For t h i s  work, t h e  choice of bias  vo l t age  and p d a r i t ;  
was made a r b i t r a r i l y  and i t  is assumed tha t  corresponding r e s u l t s  
would be obtained w i t h  d i f f e r e n t  choices. 

F igure  3 is a t r a c i n g  of a t y p i c a l  photographic record of an 
event .  In t h i s  case, a copper target sample w a s  used. The 

p a r t i c l e  d e t e c t o r  s i g n a l  is d isp layed  on t h e  lower trace w h i l e  
t h e  collected charge s i g n a l  appears  on t h e  upper trace. Since t h e  

impacting p a r t i c l e  is charged, a vo l t age  s i g n a l  is induced on the 
collector independently of t h a t  produced Ly subsequent charge 
emission. T h i s  e f f e c t  accounts for t h e  s t r u c t u r e  on t h e  apper 

trace. The p a r t i c l e  charge produces t h e  first s t e p  i n  the s i g n a l ,  
w h i l e  the  charge emiss ion  e f f e c t  accounts  fo r  t h e  remainder. The 
to ta l  charge emi t ted  is obtained by s u b t r a c t i n g  t h e  p a r t i c l e  charge 
from t h e  t o t a l  s i g n a l .  In cases  where t h e  s i g n a l  from $he particle 
charge w a s  small compared t o  t h e  t o t a l ,  t h e  par t ic le  charge v;as 
determined f r o m  t h e  par t ic le  detector. 

Since few t h e o r e t i c a l  gu ide l ines  were a v a i l a b l e  t o  assist  us 
i n  i n t e r p r e t a t i o n  of t h e  experiments,  t he  data were analyzed on a 
more o r  less empir ica l  basis. W e  assume t h a t  the  q u a n t i t y  of 
charge emitted, Qc, i s  propor t iona l  t o  t h e  k i n e t i c  energy of thz  
particle modified by a v e l o c i t y  dependent f u n c t i o s  which takes 
i n t o  account th reshold  e f f e c t s  and v a r i a t i o n s  of c r n t e r i n g  
mechanisms w i t h  v e l o c i t y .  T h i s  is equiva len t  t o  

QC - = K v2 f ( v )  m 
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Figure 3. Tracing of an oscillograph obtained from t h e  

th ick  target measurements on impact i o n i z a t i o n .  
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a where m is t h e  particle mass and IC is a cons t an t  of p ropor t iona l i t y .  
3 To eva lua te  f ( v )  , t h e  quan t i ty  Qc/r (which is equiva len t  t o  

Qc/m, fo r  a given p a r t i c l e  material) w a s  p l o t t e d  as a f u n c t i o n  of 
v e l o c i t y  for a l l  of t h e  particle-target combinations used. A 

t y p i c a l  example is i l l u s t r a t e d  i n  Fig. 4, which shows t h e  r e s u l t s  
fo r  i r o n  particles impinging on a tantalum target. These data 
e x h i b i t  l i t t l e  scatter and t h e  p o i n t s  tend t o  l i e  on a s t ra ight  
l i n e  in t h e  logarithmic presenta t ion .  The slope of the  l i n e  is 
about three as w a s  t h e  case f o r  a l l  of t h e  other target and par- 
t ic le  combinations used. This i m p l i e s  t h a t  f ( v )  x v. Consequently, 
w e  can write 

3 Qc - Kmv 

The cons tan t  K appears t o  be a func t ion  of material properties 
of t h e  target and particle. The dependence on target material i s  
i l l u s t r a t e d  i n  Fig. 5 ,  where smoothed cu rves  are p l o t t e d  f o r  each 
of t h e  targets used. These data w e r e  obtained w i t h  i r o n  particles. 
I t  can be seen t h a t  t h e  materials examined f a l l  i n t o  t w o  d i s t i n c t  
categories. 
than  from targets of Cu, Be-Cu, In, and Pb. With t h e  p o s s i b l e  
except ion of lead, a l l  of t h e  targets e x h i b i t  nea r ly  i d e n t i c a l  
r e s u l t s .  

More charge i s  emitted f r o m  t h e  Ta, O J ,  and P t  targets 

I t  is almost a c e r t a i n t y  that  t h e  q u a n t i t y  of charge emitted 
is a func t ion  of more than  one characteristic of t h e  target 
material. Because of the  complexity of t h e  problem, no attempt 
has been made t o  exp la in  the  material dependence. However, cer- 
t a i n  characteristics of the  materials e x h i b i t  a s i m i l a r  grouping. 
For example, Ta, W, and P t  a l l  have higher  mel t ing  and vaporiza-  
t i o n  temperatures  than t h e  o thers .  A l s o ,  these same materials are 
classified as good thermionic emitters, wh i l e  t h e  others are n o t .  
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Perhaps  t h e  m o s t  s i g n i f i c a n t  p rope r ty  of a l l  is t h a t  of r e s i s t a n c e  
t o  hyperve loc i ty  pene t ra t ion .  The craters produced i n  Pb, 19, Cu, 
and Be-Cu are gene ra l ly  l a r g e r  than  those  i n  Ta, P t ,  and W. 

The dependence of K, i n  Eq. 2 above, on p a r t i c l e  material 
w a s  observed when i r o n  p a r t i c l e  data and carbon p a r t i c l e  data 
were compared. When normalized t o  p a r t i c l e  mass, t h e  amount of 
charge produced by carbon p a r t i c l e s  w a s  greater than t h a t  produced 
by i r o n  particles a t  a given impact v e l o c i t y  for  the  same target. 
I n i t i a l l y ,  we  assumed tha t  t h e  bulk of the  emitted charge resu l ted  
f r o m  i o n i z a t i o n  of atoms of t h e  target material. Applicat ion of 
s e v e r a l  combinations of hyperveloci ty  pene t r a t ion  theories and 
charge production mechanisms failed t o  r a t i o n a l i z e  t h e  discrepancy. 
F a i l u r e  t o  achieve c o r r e l a t i o n  i n  t h i s  manner led  t o  t h e  develop- 
ment of t h e  model discussed below. 

L e t  us assume tha t  m o s t  of t he  charge results f r o m  i o n i z a t i o n  
of atoms of t h e  impacting p a r t i c l e .  The number of atoms ionized  
depends upon t h e  number ava i l ab le ,  t h e  energy requi red  f o r  ion iza-  
t i o n ,  and t h e  energy a v a i l a b l e  f o r  i o n i z a t i o n .  The k i n e t i c  energy 
of t h e  particle is diss ipa ted  i n  s e v e r a l  ways and t h e  r e l a t i v e  
amount a v a i l a b l e  fo r  ion iza t ion  is impossible t o  pred ic t  on t h e  

basis of e x i s t i n g  knowledge of hyperve loc i ty  impact.  A t  t h i s  

po in t ,  we  arbitrari ly chose t o  normalize t h e  emitted charge t o  
t h e  number of atoms contained i n  t h e  impacting particle. T h i s  
quan t i ty ,  Q,/N, is p l o t t e d  as a func t ion  of v e l o c i t y  for i r o n  and 
carbon particle impacts on a tungs ten  target i n  Fig. 6 ,  and for  a 

3 lead target i n  Fig.  7 .  Since N is propor t iona l  t o  m, t h e  same v 
dependence i s  obtained. However, t h e  agreement between t h e  r e s u l t s  
of us ing  i r o n  and carbon particles is q u i t e  good i n  t h i s  case. 

Normalization t o  t h e  number of atoms is equiva len t  t o  the  

fo l lowing  expression: 
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0 where Po is Avogadros number, A t h e  molecular weight of t h e  par- 
t i c le  atoms, and K1 a cons tan t  of p ropor t iona l i t y .  Equation (3) 
can be r e w r i t t e n  in t h e  form 

V Q c = K  E 
2 P A  (4) 

From t h i s ,  w e  see tha t  Qc depends upon t h e  k i n e t i c  energy of t h e  
p a r t i c l e  and upon a quan t i ty  which can be i n t e r p r e t e d  as a factor 
which determines t h e  f r a c t i o n a l  p a r t  of t h e  energy which is 
a v a i l a b l e  for  ion iza t ion .  The role of the  target, i n  t h i s  i n t e r -  
p r e t a t i o n ,  is simply t h a t  of r e s i s t i n g  pene t r a t ion  by t h e  pwticle. 
The higher t h e  r e s i s t ance ;  t h e  larger t h e  f r a c t i o n  of energy which 

goes i n t o  i o n i z a t i o n .  More detailed informat ion  concerning these 
3 measurements h a s  been included i n  an earlier r epor t .  

The problem r e s u l t i n g  from empirical data a n a l y s i s  is t h a t  

one h a s  d i f f i c u l t y  i n  a t t ach ing  phys ica l  s i g n i f i c a n c e  t o  t h e  
r e s u l t s .  The choice of v/A as a mul t ip ly ing  factor i s  s t r i c t l y  
empir ical  and w e  cannot j u s t i f y  i t  f r o m  a phys ica l  po in t  of view. 
Despite these drawbacks, one must have a framework wi th in  which 

t o  work, and t h e  approach used i n  t h e  preceding s e c t i o n  provides  
such a framework. Addit ional  experiments  ax! a n a l y s i s  should be 

undertaken t o  develop physical  concepts  t o  describe t h e  charge 
emission phenomenon. 

a 

B. Impact L i g h t  F lash  

Another f e a t u r e  of high-speed impact which h a s  found applica- 

t i o n  i n  micrometeoroid detector systems 4 y 5  is t h e  so-called impact 
l i g h t  f l a s h .  I t  has been observed t h a t  part  of t h e  k i n e t i c  energy 
of a high-speed particle is converted t o  r ad ian t  energy upon impact 
w i t h  a sol id  target.  The ex is tence  of a l i g h t  f l a sh  i n  a vacuum 
environment w a s  v e r i f i e d  under a prior  c o n t r a c t  (RAS5-763) . 
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T.r izowever, on ly  q u a l i t a t i v e  r e s u l t s  were obtained.  The experiments 
described below are t h e  first s t e p s  i n  a program t o  o b t a i n  more 
qu ant i t at i v  e d a t a. 

e 
For micrometeoroid d e t e c t o r  systems, c o r r e l a t i o n  of sone 

proper ty  of t h e  impact l i g h t  f l a s h  w i t h  parameters  of t h e  

impacting p a r t i c l e  is desirable. A more subtle application of 
t h i s  effect is in t h e  area of hyperve loc i ty  impact. Cnly r e c e n t l y  
!lave t h e  effects of mel t ing  and v a p o r i z a t i o n  been included i n  
h y r e r v e l o c i t y  pene t r a t ion  theory6 I t  seems reasonable  to assume 
t h a t  the q u a n t i t y  of l i g h t  energy liberated at  an impact s i te  is 
related t o  the  temperature  achieved by t h e  target and p r o j e c t i l e .  
If t h i s  is t h e  case, a n a l y s i s  of l i g h t  flash data could be used 
t o  determine t h e  state and temperature of matter du r ing  the  
crater formation process. I t  i s  l i k e l y  t h a t  a larger fraction of 
microparticle k i n e t i c  energy is converted t o  l i g h t  than  is t h e  

case for  more massive p a r t i c l e s  because of t h e  short  t i m e  r equ i r ed  
to form a crater. T h i s  impl ies  that  cotnseting energy d i s s i p a t i o n  
mechanisms which are t i m e  dependent have i n s u f f i c i e n t  t i m e  to 
approach an equi l ibr ium condi t ion .  

0 

The first exFerir;lent conducted w a s  designed simply t o  
i n v e s t i g a t e  the  magnitude of t h e  l i g h t  f lash as R f u n c t i o n  of 
particle parameters.  T h i s  was accomplished by al lowing p a r t i c l e s  
from the  accelerator to p a s s  through a p a r t i c l e  charge-ve loc i ty  
detector and to impact on a g l a s s  window whose s u r f a c e  w a s  normal 
t o  t h e  d i r e c t i o n  of t h e  particle beam. A n  X A  6199 m u l t i p l i e r  
phototube w a s  o p t i c a l l y  coupled t o  t h e  rear s i d e  of t h e  window 
w i t h  Dow Corning 200 F l u i d .  The phototube was wired i n  a con- 
v e n t i o n a l  manner w i t h  the  p3otocathode a t  a nega t ive  1000 v o l t s  
and the anode at ground. The ro l tage  d i v i d e r  used 240K resistors 
w h i l e  a l O O K  anode resistor was used. The v o l t a g e  s i g n a l  a t  t h e  

anode w a s  f e d  through a cathode follower amplifi6,z. t o  the "B" beam 

\ 
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0 of a Tektronix 555 osc i l loscope .  The particle detector s i g n a l  
w a s  d isplayed on t h e  "A" beam. The traces w e r e  photographed and 
analyzed i n  t he  usua l  manner. 

I t  w a s  f e l t  that  t h e  r e s u l t s  of the  impact l i g h t  f l a s h  should 
be s i m i l a r  t o  those obtained w i t h  t h e  impact i o n i z a t i o n  effect. 
Consequently, t h e  data were p lo t ted  i n  an i d e n t i c a l  manner as is 
i l l u s t r a t e d  i n  Fig.  8 where l i g h t  f l a s h  peak m p l i t u d e ,  normalized 
t o  particle mass, is p l o t t e d  as a func t ion  of v e l o c i t y .  It  is 
immediately evident  that  the magnitude 02 t h e  impact l i g h t  f l a sh  
i n c r e a s e s  extremely r a p i d l y  w i t h  v e l o c i t y .  

This may not be s u r p r i s i n g  when one cons ide r s  t h e  mechanism 
by which l i g h t  is produced and t h e  method by which i t  w a s  measured. 
For purposes of d iscuss ion ,  let  u s  assume t h a t  t h e  source of l i g h t  
approximates a black body and e m i t s  t h e  normal temperature dependent 
black body r a d i a t i o n .  N e a r  t h e  threshold fo r  l i g h t  emission, which 

occur s  at about 2 km/sec, i t  is l i k e l y  t h a t  t h e  temperature of t h e  

material near  t h e  impact site is a s t rong  func t ion  of i m p a c t  
v e l o c i t y .  A t  much higher impact v e l o c i t i e s  t h i s  may not  be t h e  

case because t h e  temperature may be l imi ted  by other d i s s i p a t i v e  
mechanisms. However, l e t  u s  concern ou r se lves  w i t h  t h e  low v e l o c i t y  
regime only. If t he  r a d i a t i o n  detector were equa l ly  s e n s i t i v e  at  
a l l  wavelengths, t h i s  v e l o c i t y  dependence could be observed d i r e c t l y ,  
but t h i s  is not t h e  case. The photomul t ip l ie r  is s e n s i t i v e  over  a 
f i x e d  narrow wavelength region centered  about 4400 A. Consequently, 
t h e  r a d i a n t  energy emitted i n  t h e  spectral response reg ion  of t h e  

photomul t ip l ie r  i s  not  a cons tan t  f r a c t i o n  of t h e  t o t a l  r a d i a n t  
energy emitted f o r  a l l  temperatures because of t h e  shape of t h e  

black body r a d i a t i o n  curve.  For example, a change i n  solrrce 
temperature f r o m  1000°K t o  200OOK r e s u l t s  i n  a change i n  r a d i a n t  
energy at 4400 A of about seven orders of magnitude. The combina- 
t i o n  of v e l o c i t y  and temperature effects could eas i ly  lead t o  t h e  
observed v e l o c i t y  dependence. 

a 

0 

0 
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The primary va lue  of t h i s  p a r t i c u l a r  experiment is tha t  t h e  

r e s u l t s  i n d i c a t e  t h e  o b j e c t i v e s  of f u t u r e  experiments.  
a nrn;iber of the assumptions discussed above can be evaluated by 
us ing  combinations of phototubes w i t h  d i f f e r e n t  wavelength sens i -  
t i v i t i e s .  From t h i s  kind of experiment,  one can  estimate the  

temperature of t h e  l i g h t  producing source.  

For example, 

S o m e  prel iminary measurements were conducted on metallic tar- 
gets  as w e l l .  These measurements are confused by t h e  emission of 
s p r a y  par t ic les  from the  target which s e r v e  as secondary sources  
of l i g h t  when t h e y  impact on surrounding su r faces .  The e x i s t e n c e  
of t h e  secondary effect w a s  v e r i f i e d  by i n s e r t i n g  a glass  plate 
between the  target and phototube a t  varying distances. The glass 
barrier reduces t h e  t i m e  i n t e r v a l  between t h e  emission of r a d i a t i o n  
f r o m  t h e  primary and secondary particles. In future experiments, 
t h e  geometry of t h e  l i g h c  c o l l e c t i o n  system w i l l  be designed t o  
minimize t h e  spray particle con t r ibu t ion .  

C. Gaseous Ta rge t  Impacts 

Much of what is known about t h e  n a t u r a l  meteoroid spectrum 
w a s  deduced from t h e  observat ion of v i s u a l  meteors. There is 
l i t t l e  doubt t h a t  t he  mechanism by which a meteoroid e n t e r i n g  t h e  
earth 's  atmosphere produces a luminous t r a i l  is g e n e r a l l y  under- 
stood. The incoming particle, t r a v e l i n g  at  a high v e l o c i t y ,  
c o l l i d e s  w i t h  atmospheric molecules at high a l t i t u d e s .  Because of 
molecular bombardment a t  r e l a t i v e l y  high ene rg ie s ,  t h e  par t ic le  
quick ly  heats up u n t i l  its temperature becomes l i m i t e d  by vapor- 
i z a t i o n  or ab la t ion .  Vaporized atoms carry w i t h  t h e m  t h e  meteoroid 
v e l o c i t y .  These atoms become e x c i t e d  by c o l l i s i o n s  w i t h  atmos- 
pheric gas molecules and e m i t  v i s i b l e  r a d i a t i o n .  Since t he  atmos- 
pheric  d e n s i t y  is l o w ,  t h e  mean free pa ths  are such t h a t  the  

evaporated atoms may r a d i a t e  t h e i r  e x c i t a t i o n  energy a t  large d i s -  

t ances  f r o m  t h e  o r i g i n a l  meteoroid. A t y p i c a l  luminous t r a i l  is 



8699 -6006-SU-000 
Page 21 

10 or  20 ki lometers  long and s e v e r a l  hundred meters i n  diameter. 
For m o s t  meteors t h e  t r a i l  ends when t h e  mass of tb.e meteoroid 
h a s  been vaporized.  

The re  is widespread agreement on t h i s  gene ra l  d e s c r i p t i o n ,  
but t h e  specific details of t he  v a r i o u s  i n t e r a c t i o n s  involved are 
i n  doubt. 
p r i m a r i l y ,  t o  t h e  d i f f i c u l t y  i n  performing experiments a t  hyper- 
v e l o c i t i e s  and l o w  gas pressures  i n  t h e  laboratory. For n a t u r a l  
meteors, t h e  aerodynamic flow is  of t h e  free molecular t y p e ,  i .e . ,  
t h e  m e a n  free path of t h e  gas molecules i s  much larger than par- 
t ic le  dimensions. Thus, i n  order t o  s imula te  meteor phenomena 
w i t h  large high-speed particles,  t h e  gas pressure of t h e  target 
must be very  l o w  and t h e  i n t e r a c t i o n  d i s t a n c e s  requi red  for  exper i -  
ments would be hundreds of meters long. K i t h  small particles, 
however, t h e  p re s su re  of the gas may be adjus ted  so that  t h e  

experiment can be performed wi th in  a f e w  meters. The i n t e r p r e t a -  
t i o n  of experiments  conducted w i t h  very  small particles is aided 

by t h e  fact t h a t  t h e  particle i s  at s u b s t a n t i a l l y  t h e  same 

temperature  throughout because of t h e  short thermal t i m e  cons tan t .  
In general, t h i s  is not  t h e  case f o r  n a t u r a l  meteors. On. t h e  

other hand, t h e  drag forces a c t i n g  on a n a t u r a l  meteor do not  
s l o w  i t  down appreciably.  For small particles t h e  change i n  
v e l o c i t y  because of drag  forces must be taken i n t o  account.  

Very l i t t l e  experimental  data are a v a i l a b l e  due, 

In t h e  usua l  formulat ion of meteor physics: t h e  phenomenon 
of v i s u a l  meteors is described by three equat ions ,  each conta in ing  
an unknown cons tan t .  The first of these equat ions  is the so-called 
drag equat ion  which is given by 
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where m i s  t h e  m a s s ,  v t he  v e l o c i t y ,  p t h e  atmospheric dens i ty ,  
S t h e  c ros s - sec t iona l  area of t h e  p a r t i c l e ,  and ris t h e  d r a g  co- 
e f f i c i e n t .  The value  of t he  drag  c o e f f i c i e n t  depends upon t h e  

geometry of t h e  p a r t i c l e  aud t h e  exac t  na tu re  of t h e  i n t e r a c t i o n s  
of t h e  gas molecules w i t h  t h e  su r f ace  of t h e  p a r t i c l e .  A second 
meteor equat ion is t h e  energy balance equat ion which describes 
the  a b l a t i o n  of t h e  meteor; 

where C: is the  heat of ab la t ion  or vaporat ion,  and A is  t h e  frac- 
t i o n  of incoming energy which heats t h e  p a r t i c l e  and is called t h e  

heat t r a n s f e r  c o e f f i c i e n t  . The t h i r d  equat ion describes t h e  

intexmity gf light f r o m  a meteor t r a i l  and is gives by 

1=;[g)v 2 9 
( 7 )  

where  I is t h e  l i g h t  i n t e n s i t y  and T is t h e  luminous e f f i c i e n c y .  

In app l i ca t ion  of these equa t ions  t o  meteors, v ,  dv/dt ,  p ,  

and I are measured by  photographic techniques.  Values of r, A ,  <, 
and T a r e  assumed. The value of m is obtained by t h e  simultaneous 
s o l u t i o n  of the three equations.  

I t  can be recognized t h a t  t h e  q u a n t i t i e s  r, A, and I' can  be 
measured under c e r t a i n  condi t ions.  I n  some r e s p e c t s  t h e  electro- 
s ta t ic  accelerator i s  uniquely q u a l i f i e d  f o r  measurements of t h i s  

kind. A f a i r l y  comprehensive i n v e s t i g a t i o n  of t h i s  phenomenon has 

begun, and prel iminary r e s u l t s  have been described i n  an earlier 
report! 
from t h e  accelerator t o  pass through a d i f f e r e n t i a l  pumping sys tem 
i n t o  a target chamber which is f i l l e d  w i t h  gas at  a f e w  mm of Hg 

The experiments a re  accomplished by allowing p a r t i c l e s  
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pressure .  The f l i g h t  of t he  p a r t i c l e  through t h e  gas can  be 

followed by t w o  methods. When the  p a r t i c l e  first e n t e r s  t he  gas, 
i t  r e t a i n s  its charge and its p o s i t i o n  can be monitored by means 
of charged particle detectors. A t  some poin t  a long i ts  path,  t h e  

p a r t i c l e  absorbs s u f f i c i e n t  energy t o  m e l t .  A t  t h i s  t i m e ,  t he  

charge of t h e  p a r t i c l e  drops because a molten p a r t i c l e  i s  unable  
t o  support a high electric f i e l d  at its sur face .  Usual ly ,  however, 
s u z f i c i e n t  charge remains t o  cont inue  measurements w i t h  t h e  charged 
p a r t i c l e  detector. S t i l l  la ter ,  the  p a r t i c l e  reaches vapor i za t ion  
temperature  and t h e  charge on t h e  p a r t i c l e  is l o s t  very  r ap id ly .  
However, p r i o r  t o  t h i s  t i m e ,  r a d i a t i o n  i s  being emit ted which can 
be observed w i t h  photomul t ip l ie r  tubes .  From t h e  onse t  of l i g h t  
emission,  t h e  p o s i t i o n  of t h e  particle i s  monitored by a l i n e a r  
array of photomul t ip l ie r  tubes.  T h i s  technique i s  applicable 
u n t i l  t h e  particle is completely vaporized or u n t i l  it loses suf -  
f i c i e n t  energy to stop r ad ia t ing .  

Our pre l iminary  i n v e s t i g a t i o n s  have been concerned w i t h  

measurements of the  drag c o e f f i c i e n t  and the heat t r a n s f e r  coeffi- 
c i e n t  under rather special condi t ions .  The drag c o e f f i c i e n t  i s  
determined by s imply  measuring t h e  p o s i t i o n  as a func t ion  of t i m e  
f o r  a given particle and applying Eq. (5) above. W e  have measured 
t h e  drag c o e f f i c i e n t  fo r  gaseous targets of oxygen, argon, and a i r  
a t  p re s su res  from one t o  two mm of Hg. I n  a l l  cases t h e  measured 
drag c o e f f i c i e n t  is n e a r l y  uni ty .  

Values f o r  t h e  heat transfer c o e f f i c i e n t  w e r e  ob ta ined  for 
each of t h e  target gases also. However, our  measurements w e r e  made 
for  t h e  special case of a s o l i d  particle. For t h i s  special case, 
dm/dt is zero and Eq. ( 6 )  does not  apply.  To f i n d  A (def ined as 
t h e  heat t r a n s f e r  coefficient for  a so l id  p a r t i c l e )  w e  equate the  

energy requi red  t o  m e l t  t h e  particle t o  t h e  energy de l ive red  over  
t h e  t i m e  requi red  for  t h e  par t ic le  t o  reach its mel t ing  poin t ,  i .e . ,  

7 a  mC AT 5 1 5 pAv3 d t  
0 
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where C is t h e  specific heat and AT is t h e  change i n  temperature.  
The i n t e g r a l  w a s  eva lua ted  by direct measurement of v as a func t ion  
of t €or each p a r t i c l e .  Assuming t h a t  t h e  specific heat and t h e  

heat t r a n s f e r  c o e f f i c i e n t  are c o n s t a n t s  from room temperature  t o  
mel t ing  temperature ,  t he  va lues  w e  ob ta ined  are as follow: 

= 1.06 50.03 ‘oxygen 
= 0.90 20.08 ‘argon 
= 0.86 20.07 . ’air 

I t  should be not iced  t h a t  t h e  va lue  of A for  oxygen i s  greater 
than  1. T h i s  i s  not s u r p r i s i n g  s i n c e  t h e  i r o n  of t h e  particle and 
t h e  oxygen can  combine chemically t o  produce an apparent  e f f i c i e n c y  
of greater thm 100%. 

Figure  9 i l l u s t r a t e s  t h e  r e s u l t s  of a t y p i c a l  experiment. I t  
w a s  f r o m  data l i k e  these that  the v a l u e s  of and i - w e r e  ob ta ined .  
I n  Fig. 9, t h e  v e l o c i t y  as a func t ion  of t i m e  w a s  ob ta ined  by t h e  

charged particle type  of detector. The temperature  curve  w a s  c o m -  
puted us ing  the  experimental  data and Eq. ( 8 ) .  The temperature  
curve  h a s  not  been cor rec ted  f o r  r a d i a t i o n  l o s s e s ,  but  t h e  energy 
loss  by r a d i a t i o n  i s  very  small compared t o  t h e  rate of energy 
inpu t  t o  t h e  particle. The l i g h t  i n t e n s i t y  as  a f u n c t i o n  of t i m e  
w a s  ob ta ined  by t h e  a r r a y  of photomul t ip l ie r  t u b e s  mentioned above, 
but w a s  no t  used f o r  q u a n t i t a t i v e  measurements. I t  i s  shown 
s imply  t o  demonstrate a t  what po in t  appreciable radiation i s  ob- 

served.  

I n  s o m e  respects the  measurements described i n  t h e  preceding 
paragraphs can be c lassi f ied as molecular  bean phys ic s  where t h e  

roles of t h e  target and the gas have been reversed .  These exper i -  
ments are equiva len t  t o  bombarding a t a r g e t  w i t h  molecular beams 
w i t h  e n e r g i e s  of f r o m  1 t o  about 10 e V .  T h i s  range of e n e r g i e s  i s  
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extremely d i f f i c u l t  t o  obta in  by other techniques and w e  feel  t h a t  
a great amount of work remains t o  be done i a  t h i s  p a r t i c u l a r  area. 

D. Miscellaneous T e s t s  and Experiments 

In add i t ion  t o  the  programs described above, STL fac i l i t i es  
and personnel were u t i l i z e d  i n  tests of micrometeoroid d e t e c t o r s  
and sensor  elements.  The t e s t s  were u s u a l l y  done i n  conjunct ion 
w i t h  t he  NASA personnel who developed t h e  ins t ruments  and quan t i t a -  
t i v e  data der ived  f r o m  t h e  tests were r e t a i n e d  by them. 

The micrometeoroid detector scheduled fo r  use  on t h e  EGO 
spacecraft is an example of an instrument subjec ted  t o  a detailed 
test program. I t  is being developed by NASA s c i e n t i s t s  from 
Goddard Space P l igh t  Center.  

T h i s  detector is designed to  measure d i r e c t i o n ,  v e l o c i t y ,  
momentum, and poss ib ly  one o ther  parameter of t h e  impacting micro- 
meteoroid. The detector consists of three separate u n i t s  mounted 
i n  8 mutually orthogonal array.  Each u n i t ,  which is c y l i n d r i c a l  
i n  shape, is collimated so as  t o  accept particles inc iden t  wi th in  
a r e l a t i v e l y  small sol id  angle. The d i r e c t i o n  of t h e  micro- 
meteoroid is specified by not ing which of t h e  u n i t s  is a c t i v a t e d  
by the  event and t h e  o r i e n t a t i o n  of t h e  spacecraft. 

The v e l o c i t y  is determined by a time-of-flight measurement. 
S igna ls  t o  i n i t i a t e  and terminate  t h e  time-of - f l i g h t  measurement 
are der ived  f r o m  t w o  capacitor-type micrometeoroid detectors. 
The first of these is  edge-supported i n  a plane perpendicular  t o  
the  a x i s  of the cy l inde r .  The other one is a f f i x e d  t o  t h e  

"sounding board'' of an acous t i ca l  detector. The momentum of t h e  

micrometeoroid is der ived  from t h e  a c o u s t i c a l  d e t e c t o r  s i g n a l .  
The first capacitor is extremely t h i n  t o  minimize t h e  energy loss 
su f fe red  by t h e  meteoroid i n  pass ing  through i t .  The second 
capacitor detector i s  not  so cr i t ica l  and may be composed of 
th icker  elements i f  desired.  
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STL personnel have been involved w i t h  t h e  EGO detector, s i n c e  
its incept ion .  Or ig ina l ly ,  impact i o n i z a t i o n  d e t e c t o r s  were pro- 
posed t o  gene ra t e  t h e  t ime-of-fl ight s i g n a l s .  However, tests 
i n d i c a t e d  t h a t  the s i g n a l s  from a t h i n  f o i l  i o n i z a t i o n  detector 
were incompatible w i t h  t h e  rest of the  system. Consequently, t h e  

capaci tor- type detector w a s  evaluated.  
a capacitor which u t i l i z e s  an aluminum oxide dielectric and vapor 
deposited aluminum conductor p l a t e s .  The t o t a l  th i ckness  of a 
se l f - suppor t ing  capacitor of t h i s  type  can be made as small as 
1500 8. 
of vo l t age  w e r e  examined i n  a series of tests. A t  l o w  appl ied  
vo l t ages ,  say up t o  about 5 v o l t s ,  no s i g n a l s  w e r e  observed. I n  
t h e  range from 5 t o  20 v o l t s  t h e  s i g n a l  amplitude w a s  p ropor t iona l  
t o  par t ic le  parameters i n  much t h e  same way as t h e  i m p a c t  ion iza-  
t i o n  effect. A t  s l i g h t l y  higher  vo l t ages ,  say 30 v o l t s  or so, 
each p a r t i c l e  i n i t i a t e d  a complete vo l t age  breakdown which he;led 

itself. A t  still h igher  vo l t ages  spontaneous breakdown occurred. 
I t  w a s  proposed t o  operate t h e  detectors i n  t h e  "proport ional"  
region,  t h u s  providing a redundant measurement of mass and v e l o c i t y .  

NASA personnel developed 

The p r o p e r t i e s  of a t h i n  c a p a c i t o r  detector as  a func t ion  

Each component of a prototype u n i t  w a s  tested during t h e  

latest  experiments w i t h  complete success .  

IV. SUMMARY u r  
23'iQf Techniques developed under earlier c o n t r a c t s  have been 
app l i ed  to experiments of a more d e f i n i t i v e  n a t u r e  w i t h  encouraging 
r e s u l t s .  More q u a n t i t a t i v e  information on t h e  impact l i g h t  flash 
and impact i o n i z a t i o n  e f f e c t s  w a s  obtained.  The prel iminary 
experiments on t h e  i n t e r a c t i o n  of high-speed particles w i t h  

gaseous t a r g e t s  demonstrated the  a p p l i c a b i l i t y  of t h e  electro- 
static accelerator t o  meteor s imulat ion.  The EGO micrometeoroid 
detector w a s  subjec ted  t o  a comprehensive test program throughout 
i ts  development which should be very u s e f u l  i n  t h e  i n t e r p r e t a t i o n  
of r e s u l t s  obtained w i t h  i t .  

& 
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In summary, the  v e r s a t i l i t y  of t h e  STL e l e c t r o s t a t i c  accelera- 
tor has been amply demonstrated by the  v a r i e t y  of meaningful 
experiments which have been conducted with i t .  Future experiments 
w i l l  be concerned with more re f ined  measurements of some of t h e  
phenomena described above. 
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